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INTRODUCTION 

I n  March 1975,  Amoco O i l  Research, under c o n t r a c t  wi th  EPRI, began 
a three-year p r o j e c t  on l i que fac t ion  c a t a l y s i s  (1,2). The s p e c i f i c  purpose 
was t o  develop one o r  more supe r io r  c a t a l y s t s  f o r  hydro l ique fac t ion  processes  
i n  advanced s t a g e s  of development, such a s  the  H-Coal process .  The primary 
i n t e r e s t  was i n  the  conversion o f  coa l  t o  a clean-burning b o i l e r  f u e l ,  low 
i n  s u l f u r  and ash.  

The hydro l iquefac t ion  of coa l  i s  a complex process  which involves  

An improved c a t a l y s t  f o r  coa l  l i q u e f a c t i o n  must s a t i s f y  
c lose  i n t e r a c t i o n  between t h e  s o l u b i l i z e d  c o a l ,  hydrogen donor so lven t ,  
and c a t a l y s t .  
s eve ra l  requirements,  bu t  two key a s p e c t s  a r e  h igh  i n i t i a l  a c t i v i t y  f o r  
l i que fac t ion -desu l fu r i za t ion  and good ag ing  c h a r a c t e r i s t i c s .  

I n i t i a l  c a t a l y s t  performance w a 6  determined in a batch  test un i t .  
A l a r g e  number of c a t a l y s t s ,  both commercially a v a i l a b l e  and experimental ,  
have been screened f o r  i n i t i a l  performance. C a t a l y s t s  s e l e c t e d  on the  
b a s i s  of  t h e i r  phys ica l  and chemical p r o p e r t i e s  a s  w e l l  as i n i t i a l  per- 
formance i n  t h e  sc reen ing  test were then  sub jec t ed  t o  continuous flow 
opera t ion  f o r  approximately one week t o  determine t h e i r  e a r l y  deac t iva t ion  
behavior.  
t o  f a c t o r s  such  as coking, s i n t e r i n g  and meta ls  depos i t ion .  Therefore a 
c r u c i a l  a spec t  i n  developing a coa l  l i q u e f a c t i o n  c a t a l y s t  is continuous 
opera t ion  f o r  extended per iods .  

Good i n i t i a l  performance of a c a t a l y s t  may r a p i d l y  dec l ine  due 

EXPERIMENTAL 

Batch Screening Unit 

The screening  of  c a t a l y s t s  f o r  i n i t i a l  performance w a s  c a r r i e d  out  
i n  a one - l i t e r  s t i r r e d  au toc lave .  
(60-100 mesh g ranu les ,  p red r i ed ) ,  150 g coa l  and about 300 g l i que fac t ion  
so lven t  w a s  charged t o  t h e  au toc lave  a t  ambient condi t ions .  The coa l  w a s  
I l l i n o i s  No. 6 from Burning S t a r  Mine, ground to pass  a 40 mesh screen .  
The s o l v e n t  cons i s t ed  p r imar i ly  of mono-, di- ,  and t r imethylnaphtha lenes  
derived from petroleum r e f i n i n g  and was e s s e n t i a l l y  f r e e  of s u l f u r ,  n i t r o -  
gen and oxygen. 
and r e a c t o r  temperature w a s  r a i sed  t o  750°F i n  about 60 minutes.  

A mixture of  10 grams of c a t a l y s t  

Pressure ,  hydrogen flow rate and mixing speed were set 
Af te r  
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r eac t ion  a t  t h a t  temperature f o r  40 t o  60 minutes,  t h e  r e a c t o r  w a s  
cooled r a p i d l y  f o r  removal of t h e  r e a c t o r  con ten t s  a t  ambient condi t ions .  
The t e s t  cond i t ions  are l i s t e d  below. 

Ca ta lys t  Screening Conditions 

Ca ta lys t  
Coal, I l l i n o i s  No. 6 
Solvent 
Pressure  
Hydrogen flow rate 
Mixing speed 
Temperature (maximum) 
Reaction time a t  750°F 

l og ,  60-100 mesh 
150g 
300g 
2000 p s i g  
3 f t 3 / h r  
1800 rpm 
750°F 
40-60 minutes 

Product Workup and Analysis--Batch Unit  

Evaluation of c a t a l y s t  performance w a s  based on t h e  fo l lowing  pro- 
cedure f o r  s epa ra t ing  l i q u i d  product from s o l i d  res idue .  The r e a c t o r  
conten ts  were vacuum f i l t e r e d  and t h e  f i l t r a t e  segrega ted .  Res idua l  
material w a s  recovered from t h e  r e a c t o r  wi th  benzene and washed through 
t h e  f i l t e r  cake. A f t e r  a d d i t i o n a l  washing wi th  benzene, t he  f i l t e r  cake 
and paper were Soxhlet  e x t r a c t e d  f o r  1 6  hours  wi th  benzene. The benzene 
so lu t ions  were combined and d i s t i l l e d  t o  recover  an e x t r a c t  t h a t  was added 
t o  the  o r i g i n a l  f i l t r a t e .  The f i n a l  l i q u i d  which con ta ins  c o a l  product ,  
l i q u e f a c t i o n  so lven t  and a small amount of r e s i d u a l  benzene w a s  sub jec t ed  
t o  e lementa l  a n a l y s i s  t o  determine product q u a l i t y .  The a n a l y s i s  w a s  
cor rec ted  f o r  water and benzene p resen t .  The s o l i d  r e s idue  w a s  d r i e d  a t  
16OoC i n  a vacuum oven. A mois ture  and a sh  f r e e  conversion w a s  def ined  on 
t h e  b a s i s  of s o l i d  r e s idue  wi th  t h e  assumption t h a t  any change i n  t h e  
weight of  t h e  c a t a l y s t ,  which w a s  no t  s epa ra t ed  from t h e  c o a l  r e s idue ,  
would b e  of minor importance. Conversion, thus  de f ined ,  has  been re- 
fe r red  t o  as  benzene s o l u b l e  conversion although, s t r i c t l y  speaking, t h e  
f i l t e r e d  product i n i t i a l l y  segrega ted  i n  t h e  product workup conta ined  some 
converted ma te r i a l  t h a t  is i n s o l u b l e  i n  benzene. 

Cata lys t  Performance Indices--Batch Unit  

L iquefac t ion  conversion and t h e  s u l f u r  conten t  of t h e  c o a l  l i q u i d  
were used as t h e  primary i n d i c a t o r s  of c a t a l y s t  performance. 
obtained i n  t h e  absence of  c a t a l y s t  provided t h e  r e a c t i o n  b a s e l i n e  whi le  
F i l t r o l  cobalt-molybdenum on alumina w a s  s e l e c t e d  a s  t h e  r e fe rence  f o r  
comparing i n i t i a l  c a t a l y s t  performance. 

The r e s u l t s  

Under o therwise  cons t an t  cond i t ions ,  conversion of coa l  t o  l i q u i d  
product depends on r e a c t i o n  t i m e  and whether o r  n o t  a hydrogenation 
c a t a l y s t  i s  p resen t .  Simple r e a c t i o n  k i n e t i c s  do no t  de f ine  t h e  inc rease  
i n  conversion wi th  i n c r e a s i n g  r e a c t i o n  t i m e .  Hence, some means o t h e r  than  
t h e  r eac t ion  rate cons t an t  is needed t o  a s s e s s  c a t a l y s t  a c t i v i t y .  I f  t h e  
conversion obta ined  without added c a t a l y s t  can be  viewed as t h e  r e s u l t  of 
noncatalyzed o r  thermal r e a c t i o n ,  then a t  any given r e a c t i o n  t i m e  t h e  
increased  conversion obta ined  wi th  c a t a l y s t  p re sen t  is i n d i c a t i v e  of 
c a t a l y s t  performance. The r a t i o  o f  t h i s  i n c r e a s e  t o  t h a t  ob ta ined  wi th  
t h e  r e fe rence  c a t a l y s t ,  F i l t r o l  HPC-5, i s  def ined  a s  the  conversion index. 
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There i s  a l s o  a corresponding decrease  i n  product s u l f u r  conten t  a s  
r eac t ion  t i m e  is increased .  A s  with  conversion, a d e s u l f u r i z a t i o n  index 
can be  def ined  as t h e  decrease  i n  product s u l f u r  from t h e  noncatalyzed 
base l ine  r e l a t i v e  t o  t h a t  obtained wi th  t h e  r e fe rence  c a t a l y s t  a t  t h e  
same r e a c t i o n  t i m e .  

Continuous Tes t ing  Unit 

The continuous p i l o t  p l an t  c o n s i s t s  of t h r e e  main s e c t i o n s  a s  shown 
i n  t h e  flow diagram (Figure  1). The f i r s t  s e c t i o n  c a l l e d  t h e  feed  module 
conta ins  a l l  equipment f o r  feeding  coa l  s l u r r y  and h igh  p res su re  hydrogen. 
The c e n t e r  s e c t i o n  which is t h e  r e a c t o r  module con ta ins  a 1-liter s t i r r e d  
au toc lave  and l i q u i d  product recovery system. The t h i r d  module conta ins  
t h e  gas let-down, metering and sampling f a c i l i t i e s .  The des ign  condi t ions  
inc lude  a maximum working p res su re  and temperature of 4000 p s i g  and 900°F. 
Once-through hydrogen is used i n  t h e  c a t a l y s t  a c t i v i t y  test ,  bu t  gas r ecyc le  
has  been provided. The once-through ope ra t ion  is p re fe r r ed  f o r  ag ing  
tests s i n c e  hydrogen p res su re  i s  maintained cons t an t ,  independent of 
t h e  l i g h t  ends production. 

The combined stream of coa l  s l u r r y  and hydrogen gas  i s  cont inuous ly  
in t roduced  i n t o  t h e  bottom of t h e  l i q u e f a c t i o n  r e a c t o r  and r eac t ion  products 
withdrawn through a v e r t i c a l  overflow tube. 
given i n  Figure 2 .  Reactor holdup can be  va r i ed  by changing t h e  overflow 
tube  he igh t .  A 60 cc  c a t a l y s t  charge i s  r e t a i n e d  i n  a s t a t i o n a r y  annular  
baske t .  
a s su res  good mixing and con tac t ing  of t h e  c o a l  s l u r r y  wi th  t h e  c a t a l y s t .  

Test Conditions--Continuous Unit 

A schematic o f  t h e  r e a c t o r  i s  

A s p e c i a l l y  designed b l ade  impel le r  p l u s  h igh  a g i t a t i o n  ra te  

The nominal ope ra t ing  condi t ions  used f o r  c a t a l y s t  t e s t i n g  i n  t h e  
continuous p i l o t  p l a n t  are a s  follows: 

Cata lys t  Test Conditions 

Pressure  
Temperature 
Hydrogen feed  r a t e  
S lu r ry  feed  ra te  
S lu r ry  concent ra t ion  
LHSV 
Residence t i m e  
Ca ta lys t  charge  
Mixing speed 

137 a t m  (2000 ps ig )  
427OC (800°F) 
170 l i t e r s / h r  (6 s c fh )  
400 gmJhr 
20 wtX,  -400 mesh coa l  ( I l l .  1/6) 
1.33  gm coa l /h r  - c c  c a t  
48 minutes 
60 cc 
1500 rpm 

Product Workup--Continuous Unit 

Product workup requi red  cons iderable  a t t e n t i o n  i n  t h i s  c a t a l y s t  
development program. To measure c a t a l y s t  performance, one needs inform- 
a t i o n  on coa l  conversion and product q u a l i t y .  However, t h e  informat ion  
m u s t  s a t i s f y  c e r t a i n  requirements s p e c i f i c  t o  t h e  development program. 
This  i nc ludes  con t ro l  of t h e  aging test, a r ap id  measurement based on a 
small sample, and eva lua t ion  of t h e  product q u a l i t y ,  us ing  a l a r g e r  sample 
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Coal l i q u i d s  a r e  normally cha rac t e r i zed  by s o l u b i l i t y  i n  a given 
so lvent .  In so lub le s  i n  coa l  product m y  be determined by d i f f e r e n t  
procedures which vary  i n  e x t r a c t i o n  so lven t ;  t he re fo re ,  t he  so lven t  used 
def ines  conversion. 

The product workup methods s e l e c t e d  inc lude  two micro and one macro 
res idue  method using benzene and t e t r ahydro fu ran  (THF). Conversion based 
on the micro-benzene method (pressur ized  f i l t r a t i o n  us ing  m i l l i p o r e  ca r t -  
r i dge  f i l t e r )  provides a quick index  of product q u a l i t y .  Benzene so lub le  
ma te r i a l s ,  such a s  asphal tenes  and o i l s ,  r ep resen t  t he  upgraded f r a c t i o n  of 
b o i l e r  f u e l .  Conversion based on the  micro-THF method measures b o i l e r  f u e l  
y i e l d .  
sample f o r  b o i l i n g  range de termina t ion  and elemental  a n a l y s i s .  
THF r e s idue  method (Soxhlet  e x t r a c t i o n )  i s  used f o r  t h i s  purpose. 

Deta i led  eva lua t ion  of t h e  l i q u i d  c o a l  product r e q u i r e s  a l a r g e r  
The macro- 

DISCUSSION 
BATCH SCREENING RESULTS 

Cobalt-Molybdenum Composition 

The e f f e c t  of varying t h e  cobalt-molybdenum composition was examined 
t o  determine i f  t h e  optimum c a t a l y s t  composition f o r  coa l  l i q u e f a c t i o n  
might be d i f f e r e n t  than  t h a t  t y p i c a l l y  used i n  commercial desu l fu r i za t ion  
c a t a l y s t s  and t o  ga in  an i n d i c a t i o n  of t he  impact of d i f f e rences  i n  
c a t a l y s t  composition on performance i n  the  screening  test. The s tudy  was 
made with two alumina suppor ts  having d i f f e r e n t  su r f ace  proper t ies - -  
Cyanamid PA (ca.  300 m2/g, 60 8) and Kaiser KSA Light (ca.  180 m2/g, 160 %. 

With both aluminas, conversion index increased  r ap id ly  up to about 
10  w t %  MOO-, and then  very slowly a t  h igher  molybdena conten ts  (Figure 3).  
Both c a t a l y s t  systems responded s i m i l a r l y  t o  coba l t  wi th  t h e  optimum ly ing  
between 2 and 4 wtX COO. The Kaiser  alumina. however, provided a more 
a c t i v e  c a t a l y s t  than Cyanamid PA. 

For desu l fu r i za t ion ,  t h e  two suppor ts  were i n d i s t i n g u i s h a b l e  (Figure 4 ) .  
Like conversion, d e s u l f u r i z a t i o n  index  increased  r a p i d l y  up t o  about 10 w t %  
MOO but then l eve led  of f  as molybdena conten t  was increased  f u r t h e r .  The 
opt?mum coba l t  conten t  f o r  d e s u l f u r i z a t i o n  was a l s o  between 2 and 4 w t %  COO. 
However, desu l fu r i zah ion  was much more s e n s i t i v e  than  conversion when t h e  
cobal t  conten t  w a s  reduced t o  zero .  

Since c a t a l y s t s  made wi th  two suppor ts  having d i f f e r e n t  su r f ace  
p rope r t i e s  showed a s i m i l a r  r e l a t i o n s h i p  of performance t o  composition, 
i t  appears reasonable  t h a t  a s i n g l e  composition o f ,  say,  3 w t X  COO and 
15% Moo3 would be appropr i a t e  f o r  s tudying  the  e f f e c t s  of t he  support  on 
i n i t i a l  c a t a l y s t  performance. Furthermore, small dev ia t ions  from t h i s  
composition should have only a minor e f f e c t  on c a t a l y s t  performance. 

Surface Proper ty  Ef fec t s  

The study on su r face  p r o p e r t i e s  of cobalt-molybdenum c a t a l y s t s  
focused p r i m r i l y  on the  su r face  a r e a  and average pore diameter.  
sur face  p r o p e r t i e s  a r e  considered important because the  number of c a t a l y t i c  
s i t e s  a v a i l a b l e  depends on s u r f a c e  a r e a  and t h e  a c c e s s i b i l i t y  of these  
sites is  l imi t ed  by t h e  pore s t r u c t u r e .  
i nd ica to r  of po re  s t r u c t u r e  although t h e  d i s t r i b u t i o n  of pore s i z e s  m y  
wel l  be more important.  
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Consider,  f o r  example, t h e  r e l a t i o n s h i p  o f  i n i t i a l  performance t o  
the  s t r u c t u r a l  p r o p e r t i e s  of t h e  alumina suppor ted  c a t a l y s t s .  
t O  su r f ace  a r e a ,  conversion index (CI) is r e l a t i v e l y  cons t an t  over  a wide 
range whi le  d e s u l f u r i z a t i o n  index  (S I )  i nc reases  wi th  inc reas ing  su r face  
a r e a  (F igure  5). A corresponding d i s p a r i t y  of performance is shown wi th  
r e spec t  t o  average  pore  diameter (Figure 6 ) .  The p r e f e r r e d  average pore  
diameter f o r  d e s u l f u r i z a t i o n  appears  t o  be  sma l l e r  than  f o r  conversion. 

These observa t ions  provide a b a s i s  f o r  s e l e c t i n g  catalysts  f o r  

With r e spec t  

continuous t e s t i n g .  
might be reso lved  by a c l o s e r  look a t  such f a c t o r s  as pore  s i z e  d i s t r i b u t i o n .  
However, app ropr i a t e  choices  f o r  de te rmining  t h e  r e l a t i o n  of a c t i v i t y  
maintenance t o  s u r f a c e  p r o p e r t i e s  should  inc lude  aluminas wi th  average  
pore  d iameters  i n  t h e  range of 100 t o  200 8. 

There is admi t ted ly  some s c a t t e r  i n  t h e  d a t a  which 

DISCUSSION-- 
CONTINUOUS TESTING RESULTS 

The shor t - te rm aging behavior w i l l  now be  d i scussed  f o r  a v a r i e t y  o f  
c a t a l y s t s  t e s t e d  i n  t h e  continuous p i l o t  p l a n t .  The main c a t a l y s t  para- 
meters w e  have focused on are su r face  p r o p e r t i e s ,  impregnating procedures ,  
and type of c a t a l y t i c  metals. 

Sur face  P r o p e r t i e s  and Imprewat ion  Procedures 

The e f f e c t  of su r f ace  p r o p e r t i e s  and impregnating methods w a s  in- 
ves t iga t ed  by impregnating a series of alumina suppor t s  wi th  c o b a l t  and 
molybdenum. A phosphoric a c i d  impregnating a i d  was used i n  some cases 
to  a d j u s t  t h e  a c i d i t y  of t h e  impregnating so lu t ion .  Again, t o  f a c i l i t a t e  
da t a  i n t e r p r e t a t i o n ,  s u r f a c e  a r e a  and average  pore  diameter w e r e  t h e  two 
parameters used t o  c h a r a c t e r i z e  t h e  su r face  p r o p e r t i e s ,  al though t h e  
d i s t r i b u t i o n  of po re  s i z e s  should a l s o  be  considered. The va r ious  CoMo 
on alumina c a t a l y s t s  t e s t e d  a r e  l i s t e d  i n  Table I .  

Table I. CoMo on Alumina Ca ta lys t s  

Major Pores APD SA PV ABD 
Ca ta lys t  ID* 8 A&cc/gg/cc 

€IDS-1442 ( r e f )  30-110 58 323 .56 .57 
KSA-LP 50-250 105 195 .70 .59 
Grace-100UP 60-200 118 140 .54 .69 
Grace-2OOW 110-300 l a 7  7a .44 .75 

Grace-100U 60-200 122 167 .59 .68 
Grace-ZOOU 110-300 202 92 .52 .73 

- 
*U: unimodal; P: phosphorus a d d i t i o n  
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Referring t o  F igure  7 ,  w e  compare l i q u e f a c t i o n  conversion f o r  t h e  
var ious  c a t a l y s t s  t o  t h e  r e fe rence  c a t a l y s t ,  HDS-1442A. F i r s t  of a l l ,  
t h e  l a rge r  pore c a t a l y s t ,  Grace-ZOOUP, r e s u l t s  i n  h igher  conversion than  
the  smaller pore  vers ion ,  Grace-100UP. The c a t a l y s t  based on Kaiser  
KSA-LP alumina e x h i b i t s  a r ap id  d e c l i n e  i n  a c t i v i t y  even though i t s  APD 
is around 100 8. 
t h a t  t h e  KSA-LP alumina has  a broad d i s t r i b u t i o n  of pore s i z e s .  

Closer i n spec t ion  o f  t h e  pore s i z e  d i s t r i b u t i o n  r evea l s  

The e l imina t ion  of t h e  phosphoric a c i d  impregnating a i d  causes an 
upward s h i f t  i n  conversion f o r  t h e  c a t a l y s t  prepared wi th  Grace-100U 
alumina. However, no improvement w a s  observed on t h e  l a r g e  pore  Grace-ZOOU 
alumina by e l imina t ing  t h e  phosphoric ac id .  Therefore t h e  b e s t  l i q u e f a c t i o n  
performance is y h i e v e d  wi th  an  alumina having an  APD and su r face  area of 
100 8 and ZOO m /pm, r e spec t ive ly .  
a i d  is de t r imen ta l  t o  t h e  l i q u e f a c t i o n  performance. 

Furthermore,  a phosphoric a c i d  impregnating 

Desul fur iza t ion  performance of t h e  c a t a l y s t s  w a s  eva lua ted  by 
monitoring the  s u l f u r  conten t  of t h e  r e s i d  f r a c t i o n  (975OF+) of t h e  c o a l  
l i q u i d  product.  Re fe r r ing  t o  F igure  8, t h e  lowest s u l f u r  l e v e l  w a s  achieved 
wi th  t h e  c a t a l y s t  prepared on Grace-100U alumina. We aga in  conclude t h a t  
t h e  Grace-100U alumina g ives  t h e  b e s t  o v e r a l l  performance. 

Al te rna te  C a t a l y t i c  Metals 

A s e r i e s  of c a t a l y s t  tests t o  exp lo re  t h e  e f f e c t s  of vary ing  hydro- 
genation and cracking  a c t i v i t y  w a s  a l s o  performed. 
metals t e s t e d  inc lude  N i - W ,  Ni -Mo,  Ni-Mo-Re, a l l  suppor ted  on t h e  sma l l  
pore  Grace 100 alumina. Cracking a c t i v i t y  w a s  i nc reased  by impregnating 
t h e  alumina wi th  s i l i c a  p r i o r  t o  impregnation wi th  t h e  c a t a l y t i c  metals.  
The s p e c i f i c  vers ion  t e s t e d  w a s  a Ni-Mo on a s i l i c a  promoted alumina. 
Inspec t ions  f o r  t h e  c a t a l y s t s  employing a l t e r n a t e  c a t a l y t i c  metals are 
l is ted in Table 11. 

Al te rna te  hydrogenation 

Table 11. Ca ta lys t  Inspections--Alternate Hydrogenation Metals 

APD '$A PV ABD 
C a t a l y s t  Composition - 2 m J g & &  

HDS-1442A 3.1 COO-13. 2 Moo3 58 323 .64 .57 
Grace-100U 2.9 COO-16.8 Moo3 122 167 .59 .68 

NiW-100U 3 Ni0-25 W03 118 140 .52 .75 

NiMoRe-100U 3 Ni0-16 MoO3-2.3 R e  113 158 .58 .69 
.66 

NiMo-lOOU 2.0 Ni0-16.2 Moo3 119 163 .62 .67 

NiMo-lOOU/Si 3 Ni0-16 MOO? --- --- --- 
Benzene so lub le  conversion i s  p l o t t e d  a g a i n s t  t i m e  on stream i n  

Figure 9 f o r  all of t h e  c a t a l y s t s  i n  Table 11. 
molybdenum c a t a l y s t  (Grace-100U), bo th  NiMo and NiMoRe gave lower benzene 
so lub le  conversion and f a s t e r  d e c l i n e  rates. Addition o f  rhenium t o  
NiMo had l i t t l e  e f f e c t .  

Compared t o  the  cobal t -  

The more a c i d i c  suppor t ,  s i l ica promoted alumina, 



d id  not improve performance of nickel-molybdenum. The inc rease  i n  benzene 
so luble  conversion of NiMo c a t a l y s t s  over  t he  r e fe rence  HDS-1442A c a t a l y s t  
can probably be expla ined  by more f avorab le  s u r f a c e  p r o p e r t i e s  and h igher  
dens i ty .  Nickel-tungsten gave t h e  lowest benzene s o l u b l e  conversion which 
confirmed previous  ba tch  screening  r e s u l t s .  

CONCLUSIONS 

Ef fec t ive  tests have been developed t o  eva lua te  c o a l  l i que fac t ion  
c a t a l y s t s  and relate t h e i r  performance t o  c a t a l y t i c  p rope r t i e s .  I n i t i a l  
performance i n  t h e  ba tch  un i t  was r e l a t e d  t o  meta ls  loading  of coba l t  
and molybdenum and su r face  p r o p e r t i e s ,  s p e c i f i c a l l y  average pore  d iameter  
and su r face  a r e a .  
f o r  s e v e r a l  c a t a l y s t s  i n  a continuous p i l o t  p l a n t  u n i t .  
had the  most pronounced e f f e c t  on ag ing  performance; type  of c a t a l y t i c  
meta ls  appeared t o  be  a secondary e f f e c t .  

Aging behavior o f  l i q u e f a c t i o n  c a t a l y s t s  w a s  e s t ab l i shed  
Surface  p r o p e r t i e s  
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